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DESIGN  AND  TEST  OF  MI  ELECTRIC 
FURNACE  PYROtETER 

INTRODUCTION 

According  to  latest,  estimates  (1920),  almost  a 
billion  dollars  worth  of  coal  is  wasted  every  year  in 
the  United  States  due  to  inefficient  corabusion  of  fuels 
under  steam  boilers.   The  average  boiler  efficiency  is 
around  50^  and  could  be  easily  raised  to  around  70;^  if 
the  biggest  loss  due  to  imperfect  combusion  could  be  e— 
liminated. 

The  problem  then  resolves  itself  into  finding  a 
method  for  determining  the  proper  proportioning  of  air 
and  fuel  in  the  furnace.   This  method  must  be  simple  e— 
nough  for  the  fireman  to  follow,  and  the  more  indepen- 
dent the  device  used,  as  a  guide  is  of  local  conditions 
the  more  its  practicability. 

Now,  if  the  temperature  of  the  furnace,  or  rather 
of  the  gases  leaving  the  furnace,  be  studied,  it  will  be 
found  that  the  closer  the  amount  of  air  used  for  combus- 
tion is  to  theoretical  requirements  the  higher  will  the 
furnace  temperature  be.   In  fact,  as  will  be  shonn  later, 
for  all  fuels  satisfying  the  condition  that  they  require 
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7.5  lbs,  of  axr  or  thereabouts  for  each  10,000  Btu,  of 
their  heat  value,  there  is  a  definite  maximum  temperature 
for  the  gases  in  the  furnace  for  perfect  combustion.   If 
200;^  air  is  used,  the  temperature  of  the  furnace  will  be 
about  half  its  maximum,  and,  in  general,  the  temperature 
will  be  practically  inversely  proportional  to  the  relative 
amount  of  aj.r  used. 

The  furnace  temperature  is,  therefore,  a  guide  to 
combustion  efficiency.   Thus  suppose  that  it  is  desired 
to  avoid  clinker   formation  and  the  burning  out  of  arch- 
es, so  that  a  furnace  temperature  of  2000°F  is  decided  u— 
pen  as  the  ideal  one.   Then,  if  for  the  fuel  used,  the  max- 
imum theoretical  temperature  is  4000  °F  the  chosen  temper- 
ature corresponds  to  about  200^  air  or  to  a  100^  excess. 
If  7,5  lbs,  of  air  is  the  theoretical  requirement  for  10,000 
Btu. ,  and  if  the  boiler  room  and  flue  gas  temperatures  are, 
say,  B0°F  and  480°F,  respectively,  the  loss  due  to  excess 
air,  for  an  average  specific  heat  of  ,25,  is. 

Excess  Air  losses  -  ,25  (7.5+1)  (480  -  80)= 

=  850  Btu. 
or 


-      3      - 

850     -  8.5^ 
100   1000 

For   ZOQ%  air,    the  loss   is  doubled  and   is,    therefore,    in- 
creased  to  17j|»        Considering  the    fact    that   the   usual   ex- 
cess  air   found   in  practice    is   around  300-400?fa,    the   losses 
due    to   excess   air  are   reduced    from 

32   or  42.5^  to   only   17^, 
with  a  resulting   saving   of  about  20^,    if  the   furnace   tem- 
perature  is  maintained  at  2000°F  by  damper  regulation  with 
a  furnace  pyro-meter  as   a  guide. 

A  simple  reliable    furnace   pyrometer  would,    there- 
fore,   make  possible   tremendous   fuel   savings,    if   follovjed 
by  the   fireman.      The   difficulties   of  using  thermo-couple 
pyrometers   for  measuring   furnace    termperatures  are   twofold. 
In   Lhe    first  place   the    te   mperatur^s   of   the  gases   in  the 
furnace  vary  by   several  hundred  degrees   from  point   to   point, 
so   that   the   indications  of  one   thermo-couple    in  a   furnace   of 
say  100  square    feet  of  grate,    surface   would  be   meaningless 
on  account  of  such  poor    'sampling  efficiency*. 

In   the    second   place,    the   average   thermo-couples  are 
not  suited  for  continuous   exposures   to    temperatures  ranging 

from  2CC0   to  3500°F» 
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Optical  pyrometers  are  not  satisfactory  chiefly 
because  they  indicate  the  temperature  of  the  fuel  bed 
instead  of  the  gas  tempera Lure.   In  fact  a  variation 
of  about  800°F  in  the  gas  temperature  has  been  found  to 
correspond  to  only  a  small  change  of  about  200°F  in  the 
fuel  bed  temperature. 

For  this  reason  a  new  electric  furnace  pyro— me- 
ter has  been  devised  of  a  high  "sampling  efficiency"  and 
of  great  sensitivity  and  simplicity.   This  thesis  com- 
prises a  discussion  of  the  theory  design  and  test  of  this 
tjrpe  of  furnace  pyrometer  which  was  installed  on  a  350  H.  P. 
Stirling  Boiler  at  the  nrmour  Institute  steam  power  plant. 


GENERAL  DESCRIPTION  AND  ThiiORY 

In  practically  every  furnace,  the  hot  gases 
pass  over  the  bridge  wall  before  reaching  the  boiler 
tubes  or  the  flues,  as  the  case  may  be»   The  average 
temperature  of  the  gases  as  they  pass  over  the  bridge 
wall  is  therefore,  the  one  Lhat  r;oald  indicate  the  com- 
bustion efficiency  of  the  furnace. 

Suppose  no.»  that  a  conducting  say  metal,  tube 
is  passed  through  the  setting  above  the  full  length  of 
the  bridge  wall  and  water  is  allowed  to  flow  continuous- 
ly through  this  tube  at  a  constant  rate.   Then  the  rise 
in  the  temperature  of  the  water  due  to  the  effect  of  the 
hot  gases  on  the  tube  is  evidently  an  indication  of  the 
average  temperature  of  the  hot  gases  along  the  full 
length  of  the  bridge  '.vall. 

The  test  pyrometer  used  on  the  Sterling  Boiler 
consisted  of  3/4*  wrought  iron  pipe  stretched  across  the 
bridge  wall  and  supported  by  a  24**  wall  on  one  s»ide  and 
by  about,  a  36"  wall  on  the  other  side.   It  was  connected 
to  a  city  water  main,  and  discharged  into  the  sewer,  the 
flow  being  regulated  by  means  of  a  valve. 

The  design  of  such  a  pyrometer  involves  two  dis- 
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tinct  phases, 

(1)   The  tiiickness,  diameter,  length  and  material  of 
the  tube  must  be  such  that  the  final  v/ater  temperature 
for  the  highest  furnace  temperature  to  be  measured  shall 
be  safely  below  boiling  point*   The  rise  of  the  water 
temperature  should  be  between  25  and  100°F»  to  be  con- 
veniently measured,  and  the  heat  absorbed  by  the  pyrom- 
eter tube  should  be  as  small  as  possible,  or  only  a  frac- 
tion of  a  percent  of  the  boiler  rating.   The  coefficient 
of  heat  transmission  should  bear  a  definite  constant  re- 
lation to  the  temperatures  measured. 
(3)   The  tnermal  e,m»f.,  if  thermo-couples  are  used, 
should  be  sufficient  to  make  it  possible  to  use  a  com- 
paratively rugged  millivoltmeter.   If  a  recording  pyrom- 
eter is  desired,  means  must  be  found  to  measure  something 
which  can  be  recorded,  e.g.,  resistance. 

The  problem  then  is  both  a  mechanical  and  elec- 
trical one. 

Analyzing  the  problem  of  heat  transmission  first, 
we  have  the  relation: 

(1)  US  (tg  -  tw)  9(  Heat  absorbed  by  tube, 
and 
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(2)  60  WC  (tg  -  t  W  Heat  given  up  to  water, 
where 

U  s  Coeff,  of  heat  transmission     Btu. 


Hr.xSq.Ft.x^F. 

S  :r  Tube  Surface,  Sq.  Ft. 

tg  —  Temperature  of  gases  in  furnace 

tw  —  Mean  temper  of  water  in  tubes 

tp  ~  Temper  of  water,  hot  end 

tj^-  »      •    »  ,  cold  end 

«  =  Water  dischage,  LBS./K  I  N 

C  s  Specific  heat  of  water  -  1 

Since  there  are  practically  no  losses,  we  have, 
(3)      US  (tg-tw)  =  60  V7  Ct.2-ti) 

For  an  average  value  of  U  =  20,  as  commonly 
used  for  boiler  tubes,  and  for  the  pyr-ometer  tube  fur- 
nace temperature  etc.  as  used  on  the  Stirling  boiler, 
we  have,  U  -  20, 

S  ts^dl;  d  =  1*  CO.D.);  L  =  9»3*=9.85« 

or       S  -  9.25J!:  -  a. 42  sq,  ft. 
12 
tg  =r  200t'OF, 

tw  -  100°F. 

w  -  60  av  C:    a  =  ,533  sq,  in. 

V  =  1.5  ft/sec.  D  =  62  #/cu.ft. 
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or 

w  -  60  X  .555  X  1.5  x  62  -  20.7  Ibs/min 
144 

Therefore,  the  rise  in  water  temperature  is, 

T5,-t-,=  JS  Ctg->tv.')t=  20x2.42x1900  ^  ^^Ot^ 
'^  6oW         60x20.7 

The  water  is,  therefore,  safely  below  boiling 
pont  for  the  case  considered.   If  the  furnace  tempera- 
ture is  much  higher  than  2000  F,  the  water  rise  may  be 
still  kept  down  by  increasing  the  flow.   Thus,  if  the 
velocity  is  increased  from  1.5  to  say  5  ft. /sec,  the 
temperature  of  the  furnace  could  be  in  the  neicrhborhood 
of  5900^F,  for  the  same  water  temperature  rise  of  74°F» 

It  is  also  evident  that  the  above  water  temper- 
ature rise  is  large  enough  for  electrical  measiorement. 
However,  if  we  analyze  the  assumed  design  for  heat  ab- 
sorbed, we  find  that, 

Heat  absorbed  =  US  (tg  -  tw)-  20x2.42x1900  = 

92.000  Btu/Hr  -  92.000  = 

53,500 
2.75  Boiler  Horse  Po».er. 

or 

2.75  _ 
100  350  ^  .785^  Boiler  rating  which  is  unneces- 
sarily too  large. 

By  proper  choice  of  the  material  and  the  dimen- 
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sions  of  the  pyrometer  tube,  the  heat  absorbed  may  be 
considerably  reduced  without  appreciably  affecting  the 
water  temperature  rise  or  the  sensitivity  of  the  pyro- 
meter* For,  rewriting    (3)  we  get, 

U  dl  (tg-tw)  -   3600  avD  Ctg-ti)^ 

3600  Ji:^Kd)^  62v  (tgti) 
4x144 

or       VL  (tg-tw)  -  387k2d  v  (tg-ti), 

where  K  is  the  ratio  of  inside  diameter 

outside  diameter 

(4)      From  the  last  equation  we  note  that  if  U  is 
decreased  we  must  only  decrease  either  K  , d  or  v  in 
proportion,  to  sciil  retain  the  same  water  temperature 
rise,  tg— t^. 

Noiw  sensitivity  may  be  considered  as  the  time 
it  takes  for  a  change  in  furnace  temperature  to  be  rec- 
orded by  the  pyrometer.   For  a  given  lag  of  heat  trans- 
mission through  Lhe  pyrometer  tube,  the  time  considered, 
must  evidently  depend  upon  the  time  it  takes  for  the  wa- 
ter to  pass  through  the  full  length  of  the  tube.   There- 
fore, the  greater  the  velocity  of  flow,  the  shorter  this 
time  is  and  the  greater  the  sensitivity.   Therefore,  to 
reduce  the  heat  absorbed  without  affecting  either  sensi- 
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tivity  or  rise  of  wfater  temperature,  the  proper  method  is 
to  deer-ease  the  coefficient  of  heat  transmission  U,  and 
the  diameter,  d,  of  the  pyrometer  tube  or  x,he  expression, 
K^d  in  equal  proportion. 

It  may  be  remarked,  in  passing,  that  for  the  py- 
rometer tube  under  discussion,  the  time  it  takes  foi-  a 
particle  of  water  to  move  from  the  cold  to  the  hot  end  is, 

t  =  1  -  9^25^  5=  6.16  sec. 
V   1.5 
If  a  change  of  furnace  temperature  occurs  at  the 

hot  end  of  the  pyrometer  tube  the  time  it  takes  for  the 
effect  to  be  recorded  is  zero*  The  mean  linie  for  the  rec- 
ording of  furnace  temperature  changes  at  any  point  of  the 
tube  must  therefore,  be, 

^2=  6«16-K}  -  3.08  sec. 
2 

Hence  the  gratifying  sensitivity  of  this  type  of 
furnace  pyrometer. 

Before  redesigning  the  tube,  let  us  rewrite  equa- 
tion 1  and  4  in  terms  of  internal  diameter  d^,  of  the  tube, 
and  thickness,  T«ndj_   Thus; 

(5)   d=di-|.T-diCl+n;, 

(la>  USCtg-t^J-V-n-dl  (tg-ti;»U-ndiCl+n)L  (tg-t^J^^Heat 

absorbed 
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d —  v';t2-ti;=387  d^  V  (t2-ti) 

l+n 

Suppose,  no«,  that  the  inside  diameter,  d^,  is  re- 
duced from  3/4*  to  ^',  and  U  is  decreased  in  proportion  or 
to  1/3  its  original  value.   Then  there  will  be  no  change  in 
either  sensitivity  or  water  temperature  rise,  but  there  will 
be  a  large  reduction  in  heat  absorbed,  since  in  eq,(l  )  re- 
duced to  1/3  their  former  value.   The  reduction  is  therefore 
to  1/9  of  the  former  heat  absorbed,  and  we  have, 

Heat  absorbed-1/9  (9g.000)-lO.30C  Btu/hr  -10.200  _ 

33,500 
t:  «3  Boiler  Horse  Forer 

The  value  of  U  can  be  reduced  by  increasing  the 
thickness  of  the  pyrometer  tubes  and  by  choosing  a  mater- 
ial which  is  a  cross  between  a  good  heat  conductor  and  an 
insulator.   It  is  thought  that  alundum,  the  earthen  mater- 
ial, \«ihich  has  lately  come  into  use  for  protecting  pyrome- 
ter thermocouples,  is  such  a  material,  inasmuch  as  it  cer- 
tainly has  a  much  smaller  heat  conductivity  than  metal,  but 
still  has  not  so  much  heat  transmission  as  to  be  unsuited 
for  pyrometry. 

The  experimental  investigation  of  the  furnace  py- 
rometer under  discussion  was  planned  along  the  following 
lines: 
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(1)  The  relation  between  furnace  temperature  dis- 
tribution and  the  furnace  pyrometer  was  to  be  investigated 
for  different  temperature  ranges.   The  coefficient  of  heat 
transmission,  U,  was  to  be  found  for  different  furnace  tem- 
peratures, with  the  velocity  of  the  water  in  the  pyrometer 
tubes  being  kept  constant.   The  effect,  if  any,  of  ^ooth  or 
fused  ash  accumulations  of  the  p3rroaeter  tube  on  the  coef- 
ficient of  heat  transmission,  V  was  ^o  be  found ^  also,  the 
variation,  if  any,  of  V,  with  the  velocity  of  the  water  in 
the  pyrometer  tube. 

(2)  The  relation  between  heat  transmission,  from 
a  hot  gas  to  water  through  a  tube,  and  the  thickness  of  the 
tube  was  to  be  sought.   Seamless  steel  and  alundum  tubes 
were  to  be  experimented  with. 

Because  of  the  great  tin:e  consuming  mature  of  in- 
vestigating furnace  temperature  distribution,  all  readings 
were  taken  only  for  a  constant  water  velocity  of  about,  1«5 
ft/sec.   Preparations  were  made  for  part  (2)  of  the  test, 
but  the  electric  furnace  used  could  not  produce  a  tempera-  • 
ture  of  2000°F,  as  was  planned.   It  was  calculated  that  it 
would  be  necessary  to  almost  double  the  platinum  ribbon  wind- 
ing of  the  furnace  in  order  to  consume  the  full  3KW,  of  the 
furnace  rating,  since  the  current  was  limited  to  30  amperes. 

Various  factors  made  this  plan  unattainable  within  the  period 


^_      « 
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available  for  the  investigation,  and  the  latter  had  to  be 
postponed  for  a  future  time. 

However,  the  method  of  analyzing  the  effect  of  tube 
thickness  on  the  coefficient  of  heat  traxisjuission  is  given  be- 
low, the  derivations  of  the  basic  relations  being  given  in  the 
appendix. 

Before  taking  this  matter  up,  it  is  interesting  to 
note  what  the  effect  according  to  eq,(4g^)  and  (1^)  would  be 
if  the  thickness  of  tube  were  varied  for  a  given  internal  di- 
ameter d^  •   Thus,  if  the  thickness  were  increased,  and  there- 
fore also  14-n,  then  according  to  eq,  (1^)1  Y.   would  have  to  be 
proportionately  decreased  in  order  that  the  heat  absorbed  should 
not  increase  also.   Increasing  of  thickness  would  decrease  U 
but  in  all  probably  much  less  than  in  proportion  to  14-n. 
Therefore,   for  a  given  material  with  a  fixed  internal  diam- 
eter, increase  of  thickness  would  probably  also  increase  the 
heat  absorbed  by  the  tube.   If  the  changes  of  Ifn  and  U  were 
universely  proportional  to  each  other,  then  according  to  eq. 
(4a,)  the  water  temperature  rise  would  not  be  affected  there- 
by. But  neither  would  the  heat  absorbed  be  decreased.   There- 
fore, at  the  best  there  would  be  no  gain.   In  fact,  since,  in 
all  probability,  the  coefficient,  U  would  be  decreased  but 
slightly  in  comparison  with  the  effect  of  increase  of  thick- 
ness upon  the  increase  of  Ifn,  the  net  result  would  be  an  in— 


crease  in  water  temperature  rise,  t  -t  •   Althoush  the  lat- 
2  1         ^ 

ter  is  in  itself  desirable,  it  is  not  so  at  the  expense  of 
increase  in  heat  absorbed.   However,  just  v;hat  relation 
does  increase  in  thickness  bear  to  decrease  in  V  is  some- 

« 

thing  to  be  found  yet. 

It  is  shown  in  the  appendix  that  if,  t~=:»ean  tem- 
perature of  the  gas,  tj^^^smean  temperature  of  tube,  outside 

t„,-  »       •      "   "  ,  inside 
mi-  ' 

tjjj  =  "       *      •»   »  ,  at  any 

thickness,  T,  from  inside  surface. 

t-j-temperature  of  water,  cold  end 

tg-    *       *    •  ,  hot   » 

t  r    *       *    *  ,  at  distance, 

L,  from  cold  end. 

d  -diameter  of  any  point  inside  the  metal 
U^— coefficient  of  heat  transmission,  from 

gas   to  metal 

U_,_  111  »  It  »  !» 

metal  to  liquid 

CU  metal  conductivity. 

that  the  fact  that  as  much  heat  is  transmitted  from  the  gas  to 

the  metal  as  through  the  Taetal  as  well  as  from  the  ,ietal  to 

the  water  can  be  expressed  by  the  following  three  equations: 

(5)   U-dCtg-tino)=Cl^dx  d 

^m 
(7)  Cj^dxa^^Vg^^dCtnii-t^ 
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4         ^1 
Since  the  heat.  transmitLed  through  any  given  cylin- 
drical layer  of  metal  must  be  the  same  as  that  passing  through 
any  other  layer,  this  heat  must  be  independent  of  the  cylin- 
drical ;9ft^er  diameter,  d^^,  and  must  be  a  function  of  L  only;  i.e., 

(9)  GjTdj^    dx  -f  (1) 

With  the  help  of  the  last  equation,  the   preceding 
three  can  te  raodified,  as  shown  in  the  appendix,  to  the  fol— 
lo^'ing  forms: 

C6a)  A^  Ctg-ti,o;  -  Ag  (t^jo-tmi) 

C7a)  Ag  Cti,o-t^i)  ::  A3  (tj^-t) 

C8a)  ^3  (t-n^i-t.)  r  f  CL) 
where, 

A^  -  U. JCd 

Ag  :;  loge   1 
k 

A5  =  Ui  rr  kd 

f(L)  -  Iz^fdf^   H 
4       ^L 

If  for  direct  comparison  between  the  gas  tempera- 
ture, t  ,   and  the  water  temperature,  t,  the  common  form  for 
the  heat  transmission  equation,  were  used,  we  should  have, 

(10)  U-,d  Ctg-t)  -  fCD,  or 
(10a)  ^  Ctg-t)   =  f(L) 

where, 

.  A  _  u  d 
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The   relation  between  this    "resultant*  coefficient, 
U,    and   the    "component*  coefficients, 
U-j_,    Ug,    C,    is   sh0r.n  to   be, 

(11)      1  r  in-  i     -1-    1    , 

ii       A       Ag  A3 

or  similar  to  the  expression  for  electrical  resistances  in 
series.   Since  D",  Uj_,  Ug,  and  G  increase  with  "heat  conduct- 
ance", their  reciprocals,  and  therefore  also,  1.}  i,  1  ,  1 

A  Aj^  Ag  h^ 
represent  what  may  be  called  "heat  resistances*. 

There  is  thus  an  analogy  between  the  expressions  for  elec- 
trical resistances  and  for  heat  resistances  in  series,  which 
is  rather  striking. 

Rewriting  equation  (11)  with  proper  substitutions. 


we  get, 


1 
Cl^)    1    =    1     _^  loge  K   . 


or 


Since, 


Un-  d      Uj^  tr  d   ^   C  IT   '   Ug  t^  kd 


(12a)  _±_  =     L-  f  dlog  k  . 1_ 


U     Uj^       C    '   KtJ 


d.  -  kd, 
1  ■■ 


the  last  equation  may  also  be  written  as, 

1 
(13)  1_  =  1_  4  dj  logk  4  _1 

from  which  it  is  apparent  that  if,  for  a  constant  inside  di- 
ameter, d.  of  pyrometer  tube,  the  thickness  of  the  latter  and 
therefore  also  k  be  varied,   different  values  of  U  will  be  ob- 


<    _ 
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tamed.   If  now  three  such  thicknesses  were  investigated,  we 
should  get  three  equations  with  three  unknowns,  U-,,  Up  and 
C,  and  these  equations  would  be  independent  of  each  other. 
By  solving  these  equations,  the  values  of  Un ,  Uo  and  C  would 
be^  found  as  separate  coefficients  rather  than  their  result- 
ant value,  U,  which  is  the  coefficient  usually  measured. 
Then  the  value  of  U  could  be  calculated,  froci  eq,  (13)  for 
various  thicknesses  of  tube,  without  the  necessity  of  inves- 
tigating each  case  experimentally.  Also,  knowing  the  effect 
of  metal  thickness  upon  the  resultant  coefficient  of  heat 
transmission,  U,  design  problems  involving  the  thickness  of 
pyrometer  tubes  could  be  analyzed  and  solved  rationally. 

Beside  the  mechanical  problem  of  heat  transmission 
involved  in  the  electric  furnace  pyrometer  design,  there  is 
the  electrical  problem  of  measuring  and  recording  water  tem- 
perature rise  electrically^ 


-18- 
For  indicating  purposes,  copper-^advance  thermocouples  may  be  used* 
Their  calibration  curve  le  shewn  is  Fi^^  1# 

Figure  1. 
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To  increase  the  termal  e.  m»  f.  a  number  of  them  may  be  in- 

eluded  in  the  same  theperature  plug  and  connected  at  their 

A 

cold  ends  in  series.   Because  of  the  small  room  occupied  by 
these  thin  thermocouples  it  would  be  no  difficuitj'  of  plac- 
ing as  many  as  10  to  20  of  them  in  the  same  plug,  and  the 
temperature  of  water  could  be  measured  within.   If  now,  one 
such  plug  is  screwed  into  the  cold  end  of  the  pyrometer  tube 
and  another  one  into  the  hot  end  of  this  tube,  the  difference 
between  the  two  thermal  e,  m.  f's.  will  be  proportional  to 
the  difference  of  temperature  between  the  hot  and  cold  ends 
of  the  pyrometer  tubes*   This  is  evident  if  it  is  noted  that 
the  cold  ends  of  the  two  thermocouples  are  at  the  same  tem- 
perature, too»   Then  the  emf»s  generated  by  the  thermocouples 
are, 

(15)  Li  r  K  CVt^) 

If  now,  the  difference  between  these  two  e,  m,  f's  is  measured 
by  means  of  a  differential  millivoltmeter,  the  reading  of  the 
latter  in  mill— volts  will  be  proportional  to  the  temperature 
difference,  tg-tn.    Thus, 

(16)  Lg-Li  -  K  (tg-t^) 

The  differential  millivoltmeter  may  be  calibrated  to 
read,  the  difference  between  furnace  and  room  temperature;  or 
it  may  be  calibrated  to  read  o/o  excess  air  directly. 

Thus,  for  the  first  case,  we  combine  equations  (4a) 
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relation  is  given  by  equation  (21a),   It  is  to  be  noted  al- 
so, that  if  in  the  case  of  theoreticel  air  requirements,  the 
assumption  of  12,000  Btu/#  coal  has  an  error  of  say  10;i>, 
then  since  .00008  is  about  10;^  of  .00075,  a  lOfo  error  in  -che 
former  results  in  only  10^  of  10^  or  Ijb   in  the  sum  of  .00075-t- 
.00008  -  ,00083.   For  lOO;^  excess  air  this  error  is  reduced 
to  ^j£,  etc.   Since  the  usual  condition  is  lOO^o  or  more  excess 

air,  the  approximation  of  1^  -  .00008  is  within  permissible 

H  " 
limits  of  error,  and  equation  (21a)  is  justified. 

Evidently  then  by  combining  equations  (17)  and  (21a) 

we  can  get  a  direct  relation  between  millivoltmeter  readings, 

e,-e,  and  fj   air,  n,  used  in  the  furnace ,   Thus  we  have, 

(22)     t  -  t^r  337diV(e2-«i)   _  ^  _^  ^       f 

?r-CT?S7ur g  a- 


(7.5n ,  .00008) 

(10,000  )  Cp 

or 

(23)        (    kf  (1  n)-fVL -  .00008  )   lO.OCO  =: 

n  =g587di  vC  (eg-e;^)  )   7.6 

(  ) 

-  3.45  kf  (l-{-n)VL     1    -  .107  =  Kg  -  .107 
di  V  C        eo-e 


^i  ^  p        «2-«l         e^^e^ 


whe  re , 


K  ~   3.45Kf  (14-n)  UL 


^1  ^  S 


by  means  of  the  last  equation,  the  millivoltmeter  may  evident- 
ly be  calibrated  to  read  jit     air  in  furnace  directly. 

If  the  furnace  temperature  difference  is  to  be  record- 
er, the  thermocouples  are  replaced  by  resistance  coils  of  ap- 
preciable resistance  temperature  coefficient.   Very  thin  enam- 
eled copper  wire  is  best  for  the  low  temperatures  (below  200  F) 
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encountered   in   the   water   of   the   pyrometer   tube.      Thus, 
since,      (24)      R]_  r  ^o   (1   a   C^i   -32) 
C25)      Kg   =  Hq    (1   a   Ct2-32    ) 
where  R^  -     resistance    of   the   wire   at  32°F  we   have, 

C26)      Rg-R-L   Z     ^o  ^   ^H'h    ^ 

Therefore,  ^he  water  temperature  rise  may  be  cal- 
culated by  measuring  the  difference  of  resistance  between 
two  copper  coils  placed  at  the  hot  and  cold  ends  of  the  py- 
rometer tube,  respectively.   The  relation  between  the  resis- 
tance difference,  ^2"^!*  ^^^   ^^®  furnace  temperature  dif- 
ference is  the  same  as  that  given  by  eq.  (17)  for  thermo- 
couples, if  K  is  replaced  by  RqB  ,.   The  same  holds  true  for 
the  ^  air  relation,  as  given  by  eq,  (23). 

To  measure  the  difference  of  resistance,  J^g— ^i»  auto- 
matically, the  differential  galvanometer  method  is  used.   The 
galvanometer  will  read  zero  when  sufficient  balancing  resist- 
ance is  added  in  series  with  the  smaller  resistance,  R^,  to 
balance  the  larger  resistance  Rg,  i.  e.,   wnen  the  voltage 
across  the  first  two  resistances  is  equal  to  tl.at  across  the 
last  resistance.   **hen  due  to  change  in  temperature,  the  de- 
crease or  increase  of  resistances  unbalances  the  voltages,  the 
galvanometer  will  deflect  in  either  direction  depending  upon 
the  direction  of  unbalance. 

If  a  valvanometer  relay  is  asea,  similar  to  the  one 
used  fox-  flow  measurement,  by  the  Sargen  Steam  Meter  Co., 
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then  the  deflection  of  the  galvanometer  may  be  caused  to 
acx,  like  an  automatic  switch  closing  the  field  circuit  of 
a  series  motor  of  the  Universal  type,  and  the  motor  will 
rotate  in  a  direction  corresponding  to  that  of  the  galvan- 
ometer deflection.   The  motor  may  be  made  to  move  a  rheos- 
tat handle  and  thvis  vary  the  balancing  resistance  R  -  Ro-R, 
until  the  galvanometer  re  oums  to  its  zero  position,  the 
field  of  the   motor  is  automatically  opened  by  the  galvanom- 
eter relay,  and  the  motor  is  stopped. 

The  balancing  resistance  R-Rg—R,  nay  be  calibrated 

to  read  directly  either  furnace  temperature  difference,  t  -t  , 

g  a 

or  %   excess  air,  n-1,  as  may  be  desired.   The  motor  may  be 
made  to  move  a  graphic  pen  as  well  as  an  indicating  pointer, 
and  thus  the  pyrometer  may  be  made  recording, 

FURNACE  PYROJ.CETER  CALIBRATION 
The  pyrometer  described  was  tested  on  a  350  K.  P, 
Sterling  boiler  at  the  Armour  Institute.   The  water  was 
supplied  by  a  3/4*  pipe  line  at  city  water  pressure,  the 
flow  being  regulated  by  a  valve,   A  monometer  at  the  cold 
end  of  the  pyrometer  lube  indicated  the  pressure  of  the 
flo«ing  water  at  i-he  beginning  of  the  tube,  and  when  at 
the  hot  end,  the  water  was  allowed  to  discharge  freely 
into  the  sewer  at  atmospheric  pressure  without  any  restrict- 
ing valves,  the  mcnometer  measured  directly  the  friction  pres- 
sure drop  through  zhe   prj^ometer  tube.  By  actually  weighing  the 
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water  discharge,  the  monometer  nay  te  calibrated  to  read  Its.  of 
water  per  minute,  directly.  The  monometer  calibration  curve,  is 
sho^n  in  Fig.    2,    belowi  Figure   8. 
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By  setting  the  valve  until  the  monometer  indicated  corres- 
ponded to  the  desired  flo^v,  the  latter  could  be  maintained  cons- 
tant during  each  run. 

Specially  made  temperature  cups  were  screwed  into  -  Y  - 
fittings,  once  at  the  cold  and  another  at  the  hot  end  of  the 
pyrometer  tube.   These  cups  were  partially  filled  with  oil, 
and  calibrated  mercury  thermometers  were  imi.iersed  m  this 
oil.   These  thermometers  gave  the  cold  and  hot  end  tempera- 
tures of  the  water  flowing  through  the  pyrometer  tubes. 

For  measuring  the  furnace  temperatures  at  the  different 
points  of  the  bridge  wall,  a  thermocouple  twelve  feet  long 
was  obtained  and  narked  every  foot  of  its  length.  ^.Iso  a 
small  fire  door  between  the  bridge  wall  and  the  first  row  of 
boiler  tubes  was  opened  and  an  asbestos  board  with  an  opening 
of  the  asbestos  board,  without  the  objection  of  letting  a  lot 
of  cold  air  into  the  furnace. 

The  thermocouple  was  connected  to  a  Leeds  &   Northrop  po- 
tentiometer type  of  millivoltmeter,  the  thermal  e,  m.  f.  be- 
ing balanced  against  the  voltage  drop  across  a  variable   cali- 
brated resistance,  produced  by  the  e.  m,  f.  of  a  standard  cell, 
ilihen  the  voltages  were  balanced,  the  thermal  e.  m.  f.  was  dis- 
connected, and  tlie  drop  across  the  variable  resistance  was  meas- 
ured by  the  millivoltimeter.   In  that  way,  the  error  due  to 
the  voltage  drops  across  the  connecting  wires  were  avoided. 
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The  test  consisted  of  adjusting  the  flow  to  a  prede- 
termined constant  value  by  means  of  ihe  valve  and  the  mono- 
meter;   of  inserting  the  thermocouple  to  the  last  marked 
foot,  and  taking  the  temperature  reading  by  means  of  che 
millivoltimeter;   and  finally,  of  reading  the  two  mercury 
thermometers  in  the  cold  and  hot  end  temperature  cups. 

The  thermocouple  would  then  be  moved  out  to  next  foot 
mark,  and  the  readings  would  be  repeated.   This  was  done  for 
eight  different  foot  marks,  corresponding  to  almost  every 
foot  along  the  bridge  wall, 

A  series  of  such  tests  were  made  on  different  days  in 
order  to  cover  as  large  a  range  of  furnace  temperature  as 
possible, 

ii  preliminary  calibration  test  of  the  thermocouple  was 
made  in  an  electric  furnace  against  a  standard  platinum  ther- 
mocouple. 

RESULTS  AND  CALCULATIONS. 

The  calibration  curve  of  the  12  foot  thermocouple  is 
shown  in  Figure  3.  iis  shown  by  the  curve,  the  calibration 
was  made  up  to  2200°  F^ 


\ 
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FIGIjKE   3. 
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Table  1  gives  a  sample  of  date  taken  for  the  furnace 
temperature  distribution  and  heat  transmission  T,ests»   From 
the  millivoltmeter  readings  and  the  thermocouple . oalibration 
curve,  the  furnace  temperatures  ;vere  figured  out  at  differ- 
ent points  of  the  bridge  wall. 


-3'0- 


TABLE   1,- 


tAHEl.M-^M^rL^^SM££ 


-BAUUL 


_5_ 


^iulL 


>OLT& 


Fvrpucjr 


1771 

/7fo 


Co  I J 


UL 


H-o- 


/F^cT 


■7i»rN/ 


7/ 


-   31  - 


Because  of  the  variacion  of  average  furnace  temper- 
atures during  any  one  test,  it  was  necessary  to  take  the  read- 
ings for  the  Condi cions  as  found  and  then  tabulate  them  ac- 
cording to  water  temperature  rises  produces.   Thus  all  read- 
ings corresponding  to  .within  2g°  F  on  either  side  of  say  40° 
F  rise  were  tabulated  together,  and  the  furnace  temperatures 
for  the  different  points  along  the  bridge  wall  for  this  aver- 
age condition  were  thus  available  for  comparison.  Naturally, 
the  tables  for  some  such  water  temperature  rises  were  more 
complete  than  for  others,  and  special  efforts  were  then  made 
to  secure  the  readings  at  the  points  and  foi-  the  water  tem- 
peratures for  vrhich  one  was  short  of  da i,tL.   The  highest  wa- 
ter temperature  rises  investigated  were  around  the  90°F 
point. 

A  sample  of  such  tabulated  data  as  well  as  the  aver- 
ages of  the  furnace  and  water  temperatures  is  given  in  Ta- 
ble 2»  The  latter  also  includes  the  calculated  U  for  the 
particular  furnace  temperature  difference  under  considera- 
tion. 
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TABLE      2. 


II    I     A 


/^^^ ^-^.s-  /rjti"  cr    /rro  6 i.   /sx^  ^-f.^/^r^  ^r    /^^o  ^e-c /e/o    ^^    /70C  ^r    ^rsr  t't- 

/^;e#  ^s.r  /r**.  ^^<r /^jt  ^s  /ta»  /j  /tr*  4^^  /ftt  ^^  /r^-C  <r 
/rjto  6*r  /r/C  i'f-'^  /ro^  4^  /r**    ^»i"  /r^o   6^.-^ 

/Jcr  i<7r  ivfx  ^<    /^0C  ^3,4- 


\Tntf^  c     /•        /4:94-' 


-   33  - 

It  will  be  noted  that  for  any  given  bridge  v/ill  point  of 
this  table  the  furnace  temperature  varies  as  much  as  5/o  above 
the  average  temperature  at  this  point*   This  indicates  the 
vai-iation  of  the   temperature  distribution  along  the  bridge 
;vall  with  time.   If  the  variations  at  all  points  along  the 
bridge  wall  were  all  in  the  same  direction  or  non  compensating, 
there  would  be  a  maximum  possible,  sampling  error  of  5%,      Ordi- 
narily there  would  be  some  compensation,  so  that  the  variation 
of  the  relation  between  the  average  furnace  temperature  and  the 
average  iwater  temperature  rise  would  be  less  than  5i*(»   However, 
to  play  safe,  we  may  state  that  as  efficient  as  about  10*  of 
tube  along  the  bridge  wall  maj^  be  for  sampling  purposes  as  com- 
pared with  that  of  point  sampling,  there  is  still  a  maximum  pos- 
sible error  of  5^  due  to  the  variation  of  bridge  wall  tempera  - 
ture  distribution. 

It  may  now  be  in  order  to  remark  that  the  pyrometer  tube 
was  slightly  covered  with  soot  or  -^lag,  most  of  which  was  usual- 
ly carried  avay  by  the  moving  gases.   Several  attempts  were  made 
to  note  the  variation  of  the  results,  if  the  materials  on  the 
pyrometer  tube  were  scraped  off.   It  was  found  that  there  was 
about  1%   increase  in  conductivity,  when  the  tubes  v/ere  thus 
treated.   Considering  the  5^  possible  error  in  the  sampxing 
efficiency  of  the  tube,  it  is  evident  that  the  effect  of  soot 
accumulation  outside  the  tube  is  negligible. 

The  average  temperature  distribution  curves  along  the 
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bridge  wall  for  several  water  temperature  rises  are  plotted  in 
Fig,  4  below. 

Figure  4, 
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Figure  5  gives  the  U-curve  of  the  values  of  U  cal- 
culated for  different  furnace  temperature  differences,  from 
the  tables  given  in  the  appendix  and  similar  to  table  2. 

From  the  curve  values  of  U  could  be  found  for  any 
furnace  temperature  differences,  tg— t^,  and  used  for  calibra- 
ting the  indicating  or  recording  pyrometer  to  read  furnace 
tempeiature  differences  directly. 

After  a  comparison  is  made  between  these  values  of 
U  and  those  between  these  that  will  be  obtained  from  the  heat 
transmission  test  using  an  electric  furnace,  it  is  hoped  that 
a  rational  relation  between  U  and  overall  temperature  differ- 
ence will  be  evolved. 
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FIGURE   5. 
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